lck is involved in the maturation of T-cells from double negative (DN) into double positive (DP) T-cells. The objective of this experiment was to determine changes in the levels of thymic and splenic T-cell p56 lck using Western immunoblotting, along with the proportion and number of T-cell subsets in thymus, spleen and blood using flow cytometry in growing SpragueDawley rats. Thymic p56 lck levels were negatively correlated with age ðr ¼ 20:42; p ¼ 0:04Þ and positively correlated with age in the spleen ðr ¼ 0:50; p ¼ 0:01Þ: Nine-week-old rats had a higher percentage of thymic DN and CD8 cells with fewer DP cells compared to younger rats. There were minor differences in the proportions of T-cell subsets in the spleen and blood. T-cell numbers remained proportional to body weight in the lymphoid organs; however, the lower absolute number of T-cells in the younger rats might indicate that they are less able to respond to antigens.
Introduction
The immune system is complex and is affected by numerous environmental and genetic factors. Inbred, transgenic and knock-out mouse strains have been invaluable tools for advancing our knowledge of the immune system (Totey and Kukarni 2000 , Ravirajan and Isenberg 2002 , Wong and Wen 2003 . However, the rat is also an important model in experimental biology, and the emerging importance of the immune system in various disciplines and diseases requires a basic understanding of developmental changes in the immune system of the rat. There are greater opportunities to investigate cell signaling and the immune system in rats due in part to the increasing availability of commercial antibodies for rats. The larger size of the rat provides more tissue/cells than the mouse for multiple measurements to explore the relationships between the immune system and physiological/pathological phenomena in the same animal.
The growth stage is a critical point in the development of the immune system and is vulnerable to many environmental and genetic factors. During growth, the bone marrow (stem cell production) and thymus (T cell maturation) are maturing, and they are also responsible for production of the cells involved in the adaptive immune response. T cell function has been shown to be affected by such factors as malnutrition (Woodward 1998) , disease (Kannagi et al. 2000 , Shou et al. 2001 ) and drugs (Colombo et al. 1999 ) and these effects are amplified during growth. As T cells mature in the thymus, their cell surface expression of CD4 and CD8 changes from double negative (CD4 2 CD8 2 ) to double positive (CD4 þ CD8 þ ) and eventually into single positive T cells (CD4 þ CD8 2 or CD4 2 CD8 þ ) before being released into the periphery (Zamoyska et al. 2003) . The signaling protein p56 lck , which is principally expressed in T lymphocytes, is involved in the maturation of T cells from double negative into double positive T cells (Abraham et al. 1991 , Molina et al. 1992 , Levin et al. 1993 , Zamoyska et al. 2003 . The role of p56 lck in thymocyte maturation has been investigated using transgenic animal models and cell culture methods (Glaichenhaus et al. 1991 , Sohn et al. 2001 . Given the changes in p56 lck due to dietary deficiencies (Lepage et al. 1999 , Hosea et al. 2003 , an environmental factor, it is of interest to determine if any differences exist in the protein levels of p56 lck along with the proportion and number of the T cell subsets during growth in rats. Thus, the objective of the present experiment was to determine p56 lck protein levels using Western immunoblotting and to characterize the T cell subsets in the thymus, spleen and blood of 3-, 6-and 9-week-old rats using flow-cytometry. FlowCounte Fluorospheres were used to determine absolute numbers of the T lymphocyte subsets. Three-to nine-week-old rats represent the weanling phase to sexual maturity, and it takes approximately 3 weeks for a T cell to mature upon entering the thymus (Sharon, 1998) .
Materials and methods

Animals
Three-week-old male Sprague-Dawley rats (Charles River Laboratories, St Constant, PQ) were fed a modified AIN-93G diet (Reeves et al. 1993 , Lepage et al. 1999 ) ad libitum. The rats were maintained in an environment of controlled temperature (21 -238C), humidity (55%) and light cycle (14 h light/10 h dark). Animal care was provided in accordance with a protocol approved by the Local Animal Care Committee (University of Manitoba).
Tissue collection
At 3, 6 and 9 weeks of age, rats were killed by CO 2 asphyxiation and cervical dislocation. Trunk blood was collected in EDTA vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ). The thymus and spleen were removed and processed immediately.
Cell preparation
Single cell suspensions of spleen and thymus in phosphate buffered saline (PBS)/1% bovine fetal calf serum (Gibco, Grand Island, NY) were prepared using a loose fitting Kontes glass/glass homogenizer (Kontes, Vineland, NJ). Spleen, but not thymus, cell suspensions were gently layered over Lympholyte-Rat (Cedarlane, Hornby, ON) and centrifuged at 1500g for 20 min at room temperature to reduce presence of polymorphonuclear cells and erythrocytes. Spleen cells from the interphase layer (primarily mononuclear cells) and thymus cell suspensions were washed twice (400g for 10 min) and resuspended at a concentration of 1 £ 10 7 /ml in PBS/5% fetal calf serum.
Determination of T Lymphocyte subpopulations
Antibodies. Monoclonal antibodies for TCRab (PE label, R73 clone), CD4 (PC5 label, OX-35 clone) and CD8 (FITC label, G28 clone) were obtained from BD Pharmingen (Mississauga, ON) . The sample combinations that were used for threecolor analysis were: TCRab, CD4, CD8 or their respective isotype controls.
Cell labeling. Thymus and spleen cells (1 £ 10 6 ) were incubated with the mixture of monoclonal antibodies for 40 min at 48C. After, addition of 3 ml cold PBS/0.5% bovine serum albumin, cells were centrifuged (300g for 6 min), resuspended in a fixation solution of 1% paraformaldehyde in PBS (pH 7.2) and kept on ice. Whole blood (100 ml) was incubated with the appropriate antibodies or isotype controls for 15 min, mixed with 500 ml Optilyse C (Beckman, Mississauga, ON), and subsequently prepared according to manufacturers instructions. FlowCounte fluorospheres (100 ml, Beckman, Mississauga, ON) were added to tubes for thymus, spleen and blood prior to analysis. Samples were analyzed using a Beckman Coulter EPICS ALTRA (Beckman Coulter Canada, Mississauga, ON) high speed cell sorter with laser excitation tuned to 488 nm (65 mW). Representative flow cytometry plots of cells isolated from the thymus, spleen and blood of a 6-week-old rat are shown in Figures 1-3 , respectively. Forward vs. side scatter histograms were used to gate on intact lymphoid cells. Further, gating on cell surface markers is indicated in the tables and figures. The fluorescence signals were separated with the standard dichroic long pass filters provided with the instrument and detected through 525 nm (FITC), 575 nm (PE) and 675 nm (PC5) bandpass filers, respectively. The data were collected in listmode format with the subsequent analyses based on 10,000 cells satisfying the light scatter gate using the EXPO32 MultiCOMP MFA software provided with the instrument. Fluorochrome-istotype matched controls were prepared to assess autofluorescence and nonspecific binding, while single color samples were employed to adjust color compensation. Absolute cell counts were calculated based on the total number of cells counted, the total number of fluorospheres counted and the concentration of the fluorospheres. Cells counts were corrected for the weight of the thymus or spleen used to prepare the cell suspensions.
Western immunoblotting for p56 lck
Cell lysates were prepared by resuspending thymocytes and splenocytes in RIPA buffer containing protease inhibitors as previously described (Lepage et al. 1999 Effect of age on T cells and p56 lck and transferred to nitrocellulose membrane (0.2 um; BioRad, Hercules, CA) using previously published procedures (Lepage et al. 1999 Effect of age on T cells and p56 lck units for bands were determined using the FluorChem digital imaging system (Alpha Innotech Corporation, San Leandro, CA) and FluorChem software (version 2.0).
Statistical analysis
Data were analyzed by one-way ANOVA using the general linear models procedure (SAS software release 8.2, SAS Institute, Cary, NC). When necessary, data were normalized by log transformation for statistical analyses, but non-transformed means are reported. Significant differences among means were determined using Duncan's multiple range test. Differences were considered significant at p , 0:05: Pearson's correlation coefficient was used to examine correlations between p56 lck and age.
Results
Body and lymphoid organ weights
Body weight of 3-week-old rats increased 60% by 6 weeks, and another 30% by 9 weeks of age (Table I) . Thymus and spleen weights increased 44% between 3 and 6 weeks, but remained similar between 6 and 9 weeks. Thymus and spleen weights corrected to body weight decreased with age. 
TCRab þ lymphocytes
There were no differences in the proportion of TCRab þ cells (gated on lymphocytes) among age groups in the thymus; however, there was a lower percentage TCRab þ cells in the spleen and blood of 3-week-old rats compared to both 6-and 9-week-old rats (Table II) . Three-week-old rats had fewer TCRab þ cells/g of spleen and ml of blood, and per spleen and total blood volume compared to both 6-and 9-week-old rats, but no differences were detected among groups in the thymus.
T Lymphocyte numbers corrected for body weight
There were no differences among the age groups in the number of thymic or splenic TCRab þ lymphocytes/g of body weight, however, 3-week-old rats had fewer TCRab þ cells/g body weight in their blood compared to 6-and 9-week-old rats ( Figure 5 ).
Proportions of T lymphocyte subpopulations
Thymus. Figure 6a and b represents the proportion of T lymphocyte subsets in the thymus after gating on TCRab 2 and TCRab þ cells, respectively. The proportion of the most immature T lymphocyte phenotype in the thymus (TCRab 2 CD4 2 CD8 2 ) was lower in 6-week-old rats compared to 9-week-old rats. Both 3-and 6-week-old rats had a lower proportion of TCRab 2 CD4 2 CD8 þ and a higher percentage of Table I . Body and lymphoid organ weights of 3-, 6-and 9-week-old rats. 
CD8
þ cells was lower in the 3-week-old rats compared to 6-and 9-week-old rats.
Spleen. Figure 6c represents the proportion of T lymphocyte subsets in the spleen after
2 cells were lower in the 3-week-old rats compared to the 9-week-old rats, while there were no differences among the age groups in the percentages of
Blood. Figure 6d represents the proportion of T lymphocyte subsets in the blood after gating on TCRab
2 cells was lower in 3-and 6-week-old rats compared to 9-week-old rats, while there were no differences among the age groups in the percentages of TCRab
Absolute number of T Lymphocyte subpopulations
Thymus. Figure 7a and b shows the absolute number of T lymphocyte subpopulations in the thymus using FlowCounte Fluorospheres and gating on TCRab 2 and TCRab þ cells, respectively. There were fewer TCRab 2 CD4 2 CD8 2 cells in 3-week-old rats compared to 9-week-old rats and fewer TCRab þ CD4 2 CD8 2 cells in 3-week-old rats compared to 9-week-old rats. Three-weekold rats had fewer TCRab 2 CD4 2 CD8 þ and TCRab þ CD4 2 CD8 þ cells compared to both 6-and 9-week-old rats.
Spleen. Figure 7c shows the absolute number of T lymphocyte subpopulations in the spleen Figure 5 . Absolute number of lymphocytes that positively express TCRab corrected for body weight. Values are meanŝ tandarderror for n ¼ 9 (3 weeks), n ¼ 8 (6 weeks) and n ¼ 6 rats (9 weeks). Different superscript letters indicates statistical differences ðp , 0:05Þ among age groups. Values are mean^SEM for n ¼ 9 (3 weeks), n ¼ 8 (6 weeks) and n ¼ 6 (9 weeks). Different superscript letters indicate significant differences among means, p , 0:05: Absolute cell numbers calculated using FlowCounte fluorospheres. Percentages and absolute numbers determined after gating on total lymphocytes. * Total blood volume estimated using 57.5 ml/kg (Olfer et al., 1993) .
using FlowCounte Fluorospheres and gating on TCRab þ cells. Three-week-old rats had fewer TCRab
þ compared to both 6-and 9-week-old rats.
Blood. Figure 7d shows the absolute number of T lymphocyte subpopulations in the total blood volume using FlowCounte Fluorospheres and gating on TCRab þ cells. Three-week-old rats had fewer TCRab Figure 6 . Proportions of T lymphocyte subpopulations in the thymus (a and b), spleen (c) and blood (d) of young rats. Figure 6a was gated on TCRab 2 cells and figures 6b -d were gated on TCRab þ cells. Values are means for n ¼ 9 (3 weeks), n ¼ 8 (6 weeks) and n ¼ 6 rats (9 weeks). Significant differences ðp , 0:05Þ among means are indicated by symbols: *3 weeks is different from 6 weeks; **3 weeks is different from 9 weeks; ***3 weeks is different from both 6 and 9 weeks; † 6 weeks is different from 9 weeks.
þ cells compared to 6-week-old rats, and 6-week-old rats had fewer cells of each phenotype compared to 9-week-old rats.
Discussion
In the present study, p56 lck protein levels decreased with age in thymic lymphocytes, but increased with age in splenic lymphocytes in 3 -9-week-old SpragueDawley rats (Figure 4 ). p56 lck is involved in the maturation of double negative (DN) to double positive (DP) thymocytes (Abraham et al. 1991 , Molina et al. 1992 , Levin et al. 1993 , Zamoyska et al. 2003 ). There was a higher percentage of DN (TCRab 2 CD4 2 CD8 2 ) cells and a lower percentage of DP (TCRab 2 CD4 þ CD8 þ ) cells in the thymus of 9-week-old rats compared to 3-week-old rats Figure 7 . Absolute number of cells per thymus (a and b), spleen (c) and total blood volume (d) of young rats. Values are meanŝ tandarderror for n ¼ 9 (3 weeks), n ¼ 8 (6 weeks) and n ¼ 6 rats (9 weeks). Different superscript letters indicate statistical differences ðp , 0:05Þ among age groups.
( Figure 6 ) which coincides with the decrease in thymic p56 lck levels. Previous work with cultured cells and transgenic mice has shown that strong TCR signals amplified by p56 lck contributes to CD4 or CD8 lineage choice (Mitnacht et al. 1998 , Sohn et al. 2001 . Preferential differentiation of DP to CD4 in mice and to CD8 in rats has been reported when cells from both species are stimulated in vitro (Mitnacht et al. 1998) . In the present study, 9-week-old rats had a higher proportion of thymic single positive CD8 cells compared to 3-week-old rats. This may be a reflection of higher thymocyte p56 lck protein levels in the younger rats and the time course for T cell maturation. Alternatively, the in vitro conditions may not reflect all the influences of the in vivo whole body environment. Future studies should determine the level of p56 lck in each cell population to confirm these observations. There were only minor differences among the age groups in the proportion of T cell subsets in the spleen and blood indicating that the age-related changes in the thymus were not reflected in the periphery. Others have investigated T cell maturation in the rat during the first year of life and found that in the thymus DN cells increased while DP cells decreased with age, along with no changes in T cell subsets in the blood (Capri et al. 2000) . The ages of rats in the present study correspond to the period of rapid growth and dietary changes due to stages of life (post-lactation). The weanling rat is frequently used for investigation of dietary and environmental factors.
Three-week-old rats had a lower number of TCRab þ cells per organ and per gram of spleen and ml of blood compared to 6-and 9-week-old rats (Figure 7 ). This suggests that 3-week-old rats are less equipped to respond to antigens and might leave them more susceptible to infection. However, when TCRab þ cells were corrected for body weight there are no differences among age groups in the thymus or spleen indicating that the T cell numbers are maintained proportional to body weight in the growing rat ( Figure 5 ).
